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Edited by Robert BaroukiAbstract STREX alternative-exon adds to Slo channel a phos-
phorylation sequence that can invert protein kinase A (PKA)
regulation from excitatory to inhibitory. Because pregnancy
switches Slo responsiveness to PKA from inhibitory to excit-
atory, we hypothesized that STREX expression diminishes with
pregnancy and is regulated by sex hormones. Diﬀerent from
total-rSlo, which is elevated around mid-pregnancy and
decreases at term, STREX transcripts progressively decreased
with pregnancy near 80% at term. STREX downregulation
was mimicked by estrogen, and opposed by estrogen-receptor
antagonist ICI 182,780 or progesterone (Pg). The regulation
of STREX splicing directed by estrogen and Pg provides a mech-
anism for Slos PKA-related phenotypic alteration with preg-
nancy.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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channel1. Introduction
The pore-forming a-subunit of the large conductance, volt-
age and Ca2+-activated K+ channel (Slo), although encoded
by a single gene, shows distinct functional characteristics in
the same tissue and even in the same cell that could be explained
in part by the expression of diﬀerent splice variant isoforms. Of
particular interest is the alternatively spliced ‘‘STREX’’ exon
[1], which adds to Slo protein a phosphorylation sequenceAbbreviations: Pore forming a-subunit of the large conductance, vol-
tage- and calcium-activated K+ channel, Slo (MaxiKa); STREX, Slo
alternative exon dictating P for L exchange and insertion of 58 aa;
PKA, protein kinase A; NP, non-pregnant; E, estrus; Di, diestrus; PP,
postpartum; E2, 17b-estradiol or estrogen; Pg, progesterone; ICI
182,780 (ICI, faslodex, fulvestrant)
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doi:10.1016/j.febslet.2005.07.069(serine 4) that in heterologously expressed channels switches
their response from being activated by protein kinase A
(PKA) to a state where channels are inhibited by PKA-depen-
dent phosphorylation [2]. Recent stoichiometry studies of ex-
pressed channels containing or excluding the STREX insert
indicate that only one subunit of the heterotetrameric channel
(four a subunits make a functional channel) needs to have
STREX so the channel is inhibited by PKA-dependent phos-
phorylation (provided all four a subunits are dephosphorylated
at constitutive S899); while all four a subunits (with or without
STREX) need to be phosphorylated at constitutive S899 for
channel activation [3]. Still, the native correlate of this exquisite
regulation of Slo variant phosphorylation by PKA has
remained undeﬁned. Using native channels reconstituted into
bilayers, we have reported that Slo channels from myometrium
are diﬀerentially regulated by PKA. During rat pregnancy, the
majority of Slo channels are activated by PKA, whereas in non-
pregnant (NP) myometrium the majority are inhibited in both
rat and humans [4]. This ﬁnding was later conﬁrmed at the cel-
lular level using human and rat myometrial cells [5]. Here, we
examined the molecular mechanism of this diﬀerential response
to PKA and tested the hypothesis that sex hormones, estrogen
(E2) or progesterone (Pg), might diﬀerentially regulate the
expression of STREX exon in rat myometrium.2. Materials and methods
2.1. Animals and hormone treatments
Sprague–Dawley female NP (200 g, 3–4 mo old), ovariectomized
(ovx), pregnant and postpartum (PP) rats were used. The UCLA
Chancellors Animal Research Committee approved animal protocols.
Ovx rats were injected subcutaneously twice a day: (i) 4–6 days, 50 lg/
kg 17-b-estradiol (E2); (ii) 4 days, 3 mg/kg Pg; (iii) 2 days priming with
40 lg/kg E2 followed by 4 days with 3 mg/kg Pg (E2pPg); (iv) 4 days,
6.25 lg/kg E2, (v) 4 days, 6.25 lg/kg E2 + 625 lg/kg ICI 182,780 (ICI);
(vi) 4.5 days, 625 lg/kg ICI; (vii) vehicle (control).
2.2. RNAse protection assay
Speciﬁc antisense RNA probes were for rat (r) STREX: 5 0-
AAAGGC . . .CUUGGG-3 0 (bases from adjacent exons in bold) [1],
and for rNa/K-ATPase: nt 2027–2159 (M28647). RNAse protection
assay (RPA) II system (Ambion) and total RNA were used [6].
2.3. Real-time PCR
cDNAs were obtained with variant-speciﬁc primers (same reverse
primers for real-time PCR) from total-RNAs. Real-time PCR
primers for total-rSlo amplify a 184 bp non-spliced segment (forward,blished by Elsevier B.V. All rights reserved.
N. Zhu et al. / FEBS Letters 579 (2005) 4856–4860 48575 0-CCATTAAGTCGGGCTGATTTAAG-3 0; reverse, 5 0-CCTTGGG-
AATTAGCCTGCAAGA-3 0). STREX primers amplify the same
177 bp as for the RPA probe (forward, 5 0-CCCAAGATGTCCATCT-
ACAAGAG-3 0; reverse, 5 0-AAAGGCACGGAAACTGGTGGAG-
3 0). GAPDH ampliﬁcation with primers spanning a 113 bp intron
(forward, 50-CCTGCACCACCAACTGCTTAG-30; reverse 50-ATGAC-
CTTGCCCACAGCCTTG-3 0) or no-reverse transcriptase excluded
genomic-DNA contamination. RNA isolation integrity was evaluated
by the amount of GAPDH in each sample. GAPDHwas higher in preg-
nant vs. NP myometrium but remained practically unchanged in NP
with/without treatments (not shown). Each experimental run compared
rSlo vs. STREX, and included a H2O (replacing cDNA) control and
standardcurves of knowncDNAconcentrations of full-length insert-less
hSlo (ampliﬁed sequence identical to rSlo) and of rSTREX exon. Stan-
dard curves showed that total-rSlo and STREX primers had similar
PCR eﬃciencies. [cDNA] in experimental samples was obtained by
extrapolation from standard curves assuming 1:1 reverse transcription
eﬃciencies. If this were not the case, the absolute values or ratios may
be under- or overestimated but the relative changes in ratios would re-
mainvalid.Results correspond to n independentRNApreparationswith
each point in triplicate.
2.4. Immunoblots
Crude myometrial membrane fractions, anti-Slo (anti-MaxiKa883–896)
polyclonal Ab [6] and monoclonal anti-calponin Ab (control) were used.
Pixel intensities were evaluated with Image-Pro Plus (Media Cybernetics).Fig. 1. Downregulation of STREX transcripts as a function of pregnancy. (A
at days 8, 13,17, 21 of gestation; and 6–10 h PP. Inset, model of Slo monom
sequences (not drawn at scale); roman numbers refer to translated constitutiv
of STREX (n = 3). (*) Diﬀerent from diestrus. (C) Time-course of STREX an
days of gestation), open symbols; during pregnancy, gray symbols; STREX (s
values (n = 3). (*) Diﬀerent from diestrus. (E) %STREX referred to total-rSlo
from estrus (*) or diestrus (#); (+) estrus vs. diestrus (P = 0.055). Slight incr
normalized ﬂuorescence (NF) vs. PCR cycle for rSlo (d) and STREX (h) a2.5. Statistics
Students t test or ANOVA with Tukey test with P 6 0.05 were
considered signiﬁcant. n = number of independent preparations.3. Results and discussion
3.1. STREX expression as a function of pregnancy
RPA experiments targeting STREX variant (177 bp band)
(Fig. 1A and B) clearly demonstrate that STREX transcript
levels are higher at diestrus (Di) vs. estrus (E), that STREX
gradually decreases with pregnancy, and that it remains down-
regulated 6–10 h PP. As reference, we also targeted Na/K-
ATPase transcripts (133 bp band) that in spite of a rise from
NP to the beginning of pregnancy (8 days) remain without sig-
niﬁcant change throughout gestation (Fig. 1A and C) [6].
Fig. 1C shows the time course of STREX transcript downreg-
ulation ﬁtted to a single exponential function (continuous line)
with a time constant of 12 ± 0.5 days (±SD of ﬁt, n = 3); also
shown are the normalized mean optical density (OD) values
for Na/K-ATPase transcripts. The points at time zero of preg-
nancy (open symbols) correspond to the values at E when) RPA for STREX and Na/K-ATPase (control) in NP rats (Di and E);
eric protein; arrows mark boundaries of constitutive translated exonic
e exons ﬂanking STREX insert. (B) Mean normalized RPA OD values
d Na/K-ATPase (control) during pregnancy (n = 3). Values at E (zero
quare) and Na/K-ATPase (circle) 6–10 h PP, black symbols. (D) Mean
(representing both insert-containing and insertless variants). Diﬀerent
ease in %STREX at 21 vs. 17 days pregnancy was insigniﬁcant. Inset,
t 17-day gestation.
4858 N. Zhu et al. / FEBS Letters 579 (2005) 4856–4860mating occurs. The amount of STREX and total-rSlo (labeled
as rSlo in all ﬁgures for simplicity) transcripts measured with
real-time PCR are in Fig. 1D. In agreement with RPA exper-
iments, STREX exon transcripts signiﬁcantly decrease as a
function of pregnancy near 80% at term, and in E when com-
pared to Di. Consistent with our previous results using RPA,
the total-rSlo transcript levels in NP (average of E and Di)
are higher than in late-pregnant (21 days) myometrium, and
are high around mid-gestation (17 days) (Fig. 1D) [6]. Quan-
tiﬁcation also revealed that the amount of STREX transcripts
is in general a small fraction of the total-rSlo. STREX is 3–
4% of the total-rSlo in NP myometrium, is minimal at 17 days
pregnancy when it is only 1% of total-rSlo (due to STREX
decrease and rSlo increase), and at 21 days, STREX is 2%
of the total-rSlo being both at their minima (Fig. 1D,E). The
inset in Fig. 1E exempliﬁes the normalized ﬂuorescence (NF)
vs. PCR cycle depicting a higher cycle threshold for the less
abundant STREX transcripts. Summarizing, in myometrium,
STREX exon containing transcripts are a small percentage
of total-rSlo, STREX transcript levels are higher in NP ani-
mals and are steadily and substantially downregulated as a
function of pregnancy.
Considering that in rat myometrium the levels of rSlo tran-
scripts go in parallel with total protein levels [6] the results
demonstrating general low transcript expression of STREX
with respect to total-rSlo (Fig. 1D) would predict low levels
of monomeric protein containing STREX sequences but still
higher in NP than in pregnant myometrium. Stoichiometry
studies in heterologous systems indicate that only one of the
four Slo subunits required to form a functional channel needs
to contain STREX insert for the channel to be PKA inhibited;
because in heteromeric channels this trait is conditional to0
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Fig. 2. E2 and Pg regulate STREX exon transcript expression. (A) Represe
treated with vehicle (control), E2, or Pg. Inset, typical melting curve displayin
STREX and rSlo, respectively. Diﬀerent from control (*), or from Pg and E
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[rSlo] * 100) after various treatments. Diﬀerent from control (*) and E2 (#).constitutive S899 being dephosphorylated [3], the inhibitory
PKA phenotype in NP myometrium [4,5] may result from
STREX relatively higher expression at this stage, and an
increased dephosphorylation of constitutive S899 by a yet
unknown mechanism. Conversely, activation of Slo channels
by PKA at 17 days pregnancy [4] correlates with a minimal
% STREX expression. The 100-fold overexpression of insert-
less rSlo over STREX containing monomers at this time in
pregnancy would assure a PKA-activatable phenotype [3].
Physiologically, activation of Slo by PKA would produce
muscle quiescence; whereas inhibition would favor muscle con-
traction. At 17 days of pregnancy, the minimal STREX and
high total-rSlo expression would favor muscle quiescence
needed to sustain fetal development. Near parturition (21-
day gestation), uterine preparation for delivery contractions
will beneﬁt from the decrease in total-rSlo expression sup-
ported by a small, although insigniﬁcant, increase of STREX
transcript percentage (Fig. 1D and E) increasing the probabil-
ity of a channel phenotype inhibited by PKA and a muscle
with less hyperpolarizing force. Thus, the molecular remodel-
ing of Slo gene by hormones would be one mechanism to favor
uterine quiescence or excitability in response to adrenergic
stimulation linked to PKA activity.
3.2. STREX transcript levels are regulated by E2 and Pg in
opposite ways
E2 treatment of ovx rats produced nearly 80% decrease in
STREX transcripts; whereas, Pg clearly stimulated STREX
expression by 2.5-fold above control (Fig. 2A and B). E2
priming (E2pPg) to favor expression of Pg receptors had no
further stimulatory eﬀect on Pg treated samples but rather
E2-induced inhibition seemed predominant (Fig. 2B). Thea
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3.40, % eﬃciency = 97%) (C) cDNAs. (D) % STREX ([STREX]/
All treatments, n = 3.
N. Zhu et al. / FEBS Letters 579 (2005) 4856–4860 4859same trend applied for total-rSlo (Fig. 2C) and %STREX
(Fig. 2D). E2-induced 50% fall of %STREX below control,
while Pg increased %STREX by 3-fold over E2, and
although statistically insigniﬁcant, by 1.5-fold above control.
These results support the notion that E2 and, most likely, Pg
regulate splicing of STREX rather than just overall Slo expres-
sion.
E2 lowered STREX levels beyond those at E, a phase under
E2 inﬂuence [8] and, although insigniﬁcantly, also at 21 days
pregnancy (Figs. 2B vs. 1D). Because E2 plasma levels (55–
60 pg/ml) are practically the same in the three conditions
[9,10] the data suggest that, at estrus and towards term, the
E2-induced inhibition of STREX expression is partially coun-
terbalanced by an activatory mechanism like Pg or other
unidentiﬁed eﬀector (e.g., testosterone [11]). Consistent with
a stimulatory role of Pg, Pg treatment increased STREX levels
to a degree found in diestrus, a phase mainly under Pg inﬂu-
ence [8]) (Figs. 2B vs. 1D).
The marked downregulation of STREX and total-rSlo by E2
in the rat diﬀers from the insigniﬁcant upregulation found in
mouse [12] conﬁrming rodent diﬀerences in Slo handling
[6,7,13]. Since Slo channel responsiveness to PKA is similar
in rat and humans [4,5] our results predict that human STREX
splicing may also be inhibited by E2 and positively regulated
by Pg.
3.3. STREX and rSlo downregulation by E2 are reversed by the
estrogen receptor antagonist ICI 182,780 (ICI)
Ovx rats treated with non-saturating doses of E2 (6.25 lg/kg)
yielded a signiﬁcant decrease in STREX, total-rSlo and
%STREX transcript expression versus control animals;
whereas cotreatment with ICI (ICI + E2), an inhibitor of E2Fig. 3. Estrogen receptor antagonist reverses E2-induced inhibition of STRE
ﬂuorescence vs. cycle number plot for STREX in ICI + E2- and E2-treated s
%STREX vs. treatment, respectively. Diﬀerent from control (*) and from
immunoblot using myometrial membranes of ovx rats treated with vehicle (
densities in each condition. Bottom, loading control with anti-calponin Ab.receptor activation but also activator of receptor degradation
[14], clearly antagonized their E2-induced inhibition
(Fig. 3A–C) demonstrating a role for estrogen receptor signal-
ing. ICI + E2 cotreatment (but not ICI alone) produced an
apparent stimulation beyond control levels of both total-rSlo
and although statistically insigniﬁcant of STREX (Fig. 3B).
This apparent stimulation may result from a drug-induced in-
creased degradation of E2 receptors [14] under ICI + E2
exceeding the primary inhibition of E2-mediated receptor acti-
vation, and unmasking unknown stimulatory factor(s). Never-
theless, the reversibility by ICI + E2 cotreatment of E2-induced
total-rSlo and %STREX inhibition indicate that, in myome-
trium, E2 receptor activation may simultaneously regulate
Slo gene transcription and STREX selection in the pre-mRNA
[15]. Possible changes in STREX transcript levels due to E2 or
Pg regulation of transcript stability need experimentation.
The impact of E2-mediated downregulation of rSlo tran-
scripts on protein levels was addressed by immunoblotting
myometrial membrane preparations from vehicle (control),
ICI, E2 or ICI + E2 treated animals. E2 treatment decreased
rSlo protein expression, which was reversed by ICI cotreat-
ment (Fig. 3D). The anti-Slo Ab labeled a band of the appro-
priate molecular size (125 kDa) and its signal was blocked by
preincubation of the antibody with the antigenic peptide [6].
As loading control, the lower blot shows corresponding calpo-
nin signals with practically the same intensity. A STREX anti-
body that passes the speciﬁcity tests was unavailable and thus,
STREX protein levels could not be measured directly. Never-
theless, since both total-rSlo and STREX transcript levels are
similarly regulated by E2, it is conceivable that E2-induced
downregulation of STREX transcripts may result in decreased
expression of STREX-containing channel protein isoforms.X and total-rSlo transcripts, and rSlo protein expression. (A) Typical
amples. (B,C) Mean values of STREX and rSlo ampliﬁed cDNAs and
E2 (#). n = 6 (control), n = 3 (others). (D) Top, rSlo (125 kDa)
control), ICI, E2, or ICI + E2 (n = 2). Pixel intensity plot shows band
4860 N. Zhu et al. / FEBS Letters 579 (2005) 4856–4860In conclusion, STREX transcript expression is under the
control of E2 and Pg and its decreased expression during rat
pregnancy can be largely attributed to a predominant estro-
genic eﬀect. Further, our results demonstrate that Slo gene
undergoes molecular remodeling directed by E2 and Pg pro-
viding a genomic/molecular explanation to the switch in chan-
nel phenotype observed in NP and pregnant myometrium.
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